Strains of Corynebacterium diphtheriae which produced large amounts of toxin (e.g. PWS) were found to be non-lysogenic, but they contained a cytoplasmic toxinogenic factor designated as T+. After infection with phage they produced less toxin. It is possible to remove the phage from the lysogenic strains without affecting the T+ factor by treatment with small amounts of acriflavine. When treated with larger amounts of acriflavine the T+ factor was also removed, rendering the strain non-toxinogenic.
INTRODUCTION
The conversion of non-toxinogenic Corynebacterium diphthem'ae into toxinogenic strains after lysogenization with certain bacteriophages was shown by Freeman (1951); this observation has been confirmed by many workers. Freeman's work explained the possible mode of change to virulence of non-toxinogenic strains. Groman (1953 a, 1955) ruled out the possibility that mutation, transformation or transduction might bring about the change to toxin production. He postulated that the B phage possessed converting ability which was an inherent and inseparable property of every plaque-forming particle. Groman -& Eaton (1955) reported that there were certain phages, like the y phage, which were unable to induce toxin production.
Barksdale & Pappenheimer (1954) reported that the PW 8 strain of Corpebacterium diphtheriae, which produces large amounts of toxin, harboured a prophage which they claimed they were able to induce. However, while working with the sM-1 strain of Yoneda (a variant of the PWS strain) Barksdale, Garmise & Horibata (1960) observed that no mature phage particle could be induced from this PWS strain. They thought therefore, that the PWS strain harboured a defective prophage, a mutant of the phage P which they designated as Pd. Our work has now clarified certain contradictions and wrong assumptions made by previous workers. We give evidence which indicates that the ability of C. diphtheriae to produce toxiq depends on the presence of a cytoplasmic factor which we designate as T+, which is merely for 15 min. at a distance of 98 cm. from the centre of the lamp. The lysate obtained was filtered through L8 Chamberland candles and the phage activity was assayed by the over-layer technique of Adams (1950) .
Detection of tozin. Toxin-producing strains were distinguished from non-toxinogenic strains by plating on solidified medium containing 3i.u./ml. horse diphtheria antitoxin as suggested by Groman (1953 b). The plates were incubated a t 87' for 48 hr and then kept in a refrigerator for 2 days. Strains which produce large mounts of toxin showed a ring round the colonies (Pl. 1, fig. 1 ). Those which produced small amounts of toxin showed a small halo and the non-toxinogenic strains did not show a halo or ring (Pl. 1, fig. 2 ). Quantitative estimation of the toxin produced by a culture was done by (i) Ramon's flocculation test; (ii) by the sensitive intracutaneous injection test in rabbits. A culture was considered to be non-toxinogenic only when it did not show toxin production when tested by both met hods.
RESULTS
Testing the lysogeny of Corynebacterium diphtheriae PW 8 strains According to Adams (1959) phage production and immunity to superinfection constitute the two criteria by which the presence of a prophage may be detected.
The PW 8 (P) strain (obtained from Dr Barksdale) was readily induced and yielded phage P when ultraviolet (u.v.) irradiated, When tested by the overlayer technique this strain was found to resist infection by phage P.
Transduction in C . diphtheriae 423
The high toxin-yielding PW 8 (Weissensee-c) strain yielded no mature phage particles when u.v.-irradiated. Induction of phage was also tried by the ' heat shock ' treatment as used by Asheshov & Jevons (1963) to induce staphylococcal phages. An 18-24 hr growth of the culture in liquid medium was held at 56" for 2 min., cooled immediately and centrifuged; the supernatant fluid did not show the presence of any phage. It was then decided to test the immunity of PW 8 (Weissensee-c) to phage P. When tested by the overlayer technique, the P W~ (Weissensee-c) culture was lysed by phage P and clear plaques were observed (Pl. 1, fig. 3 ). After lysogenization with P phage this strain resisted superinfection with phage P. Moreover, the yield of toxin obtained after lysogenization was only lOLf/ml. ( Table 1 ). Since the P W~ culture was non-lysogenic, it was felt that a toxinogenic factor (T+) and not the phage P was responsible for inducing toxin production.
Efect of acrijiuvilze treatment on toxinogeaic strains of Corynebaderium d i p h t k i m
Acriflavine is known to disinfect bacteria from cytoplasmic episomal factors (Hirota & Iijima, 1957) but it is ineffective when the episomal factors are integrated into the bacterial nucleus (Hirota, 1960) . Pappenheimer, Howland & Miller (1962) reported the isolation of a non-toxinogenic strain of Corynebacteriuin diphtheriae by incubating the lysogenic strain c7 (B) in the presence of acridine orange 15 pg./ml.
A loopful of 18-24 hr culture of C. diphtheriae PW8Tf or P W~ (P)T+ in liquid medium was inoculated into 5 ml. Holt liquid medium containing acriflavine 5 pg./ml. The cultures were incubated at 37" for 18 hr. A homogeneous suspension was prepared of the scanty growth which appeared, by thorough shaking on a magnetic shaker. This suspension was plated on agar medium containing diphtheria antitoxin 3 i.u./ml. The plates were incubated at 37" for 48 hr and then refrigerated for 48 hr. In each case over 90 yo of the surviving bacteria had stopped producing toxin, as indicated by the absence of halo or ring round the colonies on the antitoxin agar plates. Subcultures of colonies which did not show haloes or rings were further tested by the intracutaneous test in rabbits, to confirm their non-toxinogenic character. The non-toxinogenic bacteria thus isolated were labelled
Pw8T-isolates exposed to phage P infection (about lo4 bacteria to 1 x lo6 phage particles) developed resistant (i.e. lysogenic) bacteria which were found to have reverted to toxin production. However, the yield of toxin given by these reverted cultures was never more than 10 Lf/ml. ( Table 1) . P W~T -cultures exposed to phage B infection neither developed lysogenic bacteria nor reverted to toxin production. This was probably because PW 8 strains (both Pw 8 T+ and PW 8 T-) were found to be resistant to phage B. Incubation of strains c~( P ) , c~( B ) and c4(y) in a medium containing acriflavine 5 ,ug./ml. also converted them into non-toxinogenic and nonlysogenic (phage-free) strains.
Effect of acrijlavine in vitro on tozin-inducing phages P and €3
To test the effect of acriflavine on toxin-inducing phages, the phages P and B were purified by precipitation with ammonium sulphate. To 50 ml. of each phage lysate was added solid ammonium sulphate 0.3 g./ml. and the solutions were then centrifuged at 20,OOOg for 15 min. The pellet obtained was washed with ammonium 424 A. B. RAJADHYAKSHA AND S. SRINIVASA RAO sulphate solution (28 g./lOO ml. distilled water) and then suspended in 20 ml. sterile distilled water and centrifuged a t 20,OOOg for 15 rnin. The supernatant fluid obtained was used for assaying phage; it contained about 1 x 1 0 6 phage particleslml.
To 5 ml. samples of phage P suspension (purified as above), acriflavine was added to concentrations from 5 ,ug./ml. down to 0.1 ,ug./ml. and then stored in the refrigerator for 18 hr. Concentrations of acriflavine 2 pg./ml. was completely lethal to phage P, 1 ,ug./ml. decreased the titre to tl, negligible value; and 0.5 pg,/ml. decreased the titre from 1-0 x 106 to 1.0 x 102 particles/ml. However, the surviving particles produced plaques on the indicator strain c7. The c7 culture made lysogenic to the acriflavine-treated phage P (Paf) was non-toxinogenic ( Table 1) . When the phage B was similarly treated with 0-5 ,ug./ml. acriflavhe, it led to the formation of phage (Baf) which produced plaques on the indicator strain c4 but did not induce toxin production. In this respect phage Baf resembled the y phage, which also produces plaques on strain c4 but does not induce toxin production (Groman & Eaton, 1955) .
To eliminate the possibility that the disinfecting action of acriflavine might have eliminated the T+ factor after rather than before lysogenization, the experiment was repeated after removing possible traces of acriflavine from the treated phage suspensions by dialysis at refrigeration temperature against 2 % ammonium sulphate solution. The indicator strains made lysogenic to the acriflavine-treated phages remained non-toxinogenic.
To exclude the possibility of phage mutation to non-toxinogenic type, phage particles from forty-two plaques produced by phage Paf on strain c 7 were individually isolated and, after infecting c 7 cultures with them, the effect on toxin induction was observed by the intracutaneous injection test on rabbits: thirty-nine of the forty-two plaques thus tested indicated that the plaque-forming particles had lost the ability to induce toxin production in strain c7.
Role of phage as a currier of the tozinogenic factor Since acriflavine disinfected the toxinogenic PW 8 cultures of their toxin-producing ability and also deleted the factor for toxin production from the toxin-inducing phages, it was felt that the genetic information for toxin production was due to the Tramduction in C. diphtheriae 425 cytoplasmic toxinogenic factor (T+) and that the toxin-inducing phage was only a carrier of that factor. To test this possibility the following experiment was done Phage Paf was allowed to infect two cultures; P W 8 T + and its non-toxinogenic derivative P w 8 T-obtained by acriflavine treatment. The proportion of phage particles to bacteria was approximately 2 : 1. On lysogenization with phage Paf, the yield of toxin given by P W 8 T + decreased from 80 Lf/ml. to about 10 Lf/ml. Strain P w 8 T-remained non-toxinogenic on lysogenization with phage Paf. These lysogenic cultures PW 8 (Paf) T+ and PW 8 (Paf) T-were then subjected to u.v.-irradiation and the phages which were induced were allowed to infect the indicator strain c7. Strain c7 culture made lysogenic to the phage induced from strain pwS(Paf)~+ became toxinogenic, as shown by the production of haloes on antitoxin agar plates and the intracutaneous injection test, while the strain c7 made lysogenic to the phage obtained from PW 8 (Paf ) T-remained non-toxinogenic. The phage had therefore acted as a carrier of the toxinogenic factor ( Table 1) .
Removal of phage from a toxinogenic and lysogenic culture of Coywbacterium diphtheriae to increase the yield of toxi% Since our results indicated that lysogenization decreased the yield of toxin produced by Corynebacterium diphtheriae strain PW 8 T+, it was decided to eliminate the phage from this strain. Prolonged exposure to U.V. radiation for the purpose of 'curing' has been used by Lederberg & Lederberg (1953) to isolate non-lysogenic bacteria from a lysogenic culture of Escherichia coli. A 24 hr culture of C. diphtheriae strain PW8(P)Tf was therefore u.v.-irradiated for 1, 1.5 and 2 hr, and the surviving bacteria then tested for the presence of the phage. The u.v.-irradiation did not 'cure' the diphtheria culture of the prophage. It was then decided to use acriflavine for this purpose. When C. diphtheriae strain PW 8 ( P) T+ was treated with acriflavine 5pg./mI. it lost the phage and the T+ factor. Concentrations of acriflavine ranging from 0.1 to 1.0 pg./ml. were added to Holt medium agar containing antitoxin 3 i.u./ml. and poured into Petri dishes. A 24 hr culture after shaking on the magnetic shaker was diluted l / l O O in 0.5 % saline; 0-5 d. of this dilution was smeared on each plate, which was then incubated at 37' for 48 hr. Less than 10 colonies/plate were seen on the plates containing acriflavine 0-1-1.0 pg./ml. The same culture plated on antitoxin agar but not containing acriflavine showed over 120-150 colonies/plate. The plates were then refrigerated for 2 days.
Colonies grown on antitoxin + acriflavine agar plates which showed clear rings round them were individually subcultured and tested for phage and yield of toxin, Six out of eight colonies isolated from plates containing acriflavine 0.2 pg./ml. indicated that they had become non-lysogenic; they produced no mature phage particles when u.v.-irradiated. Moreover, in the overlayer technique the phage P produced plaques on the cultures. On an average these non-lysogenic cultures produced 40-60 Lf toxinlml., while the parent culture produced only about 10 Lf/ml.
Conversion of the y phage into a toxin-inducing phage
The y phage was first induced from the Corynebacterium diphtheriae strain 124 of Freeman & Morse (1952) by Groman & Eaton (1955) , who found that this phage, after infecting the indicator strain c 4, did not induce toxin production, unlike phage B. They also reported that the phage y was related to phage p, the temperate variant 426 A. B. RAJADHYAKSHA AND S. SRINIVASA RAO of phage B. It was therefore felt possible to convert the y phage into a toxininducing phage. The c 4 strain of CoryraebaGterium dipM*ae was first made lysogenic to phage B. A sample (0-1 ml.) of an 18 hr culture of strain c41 grown in PD medium (Linggood & Fenton, 1947) was inoculated into 50 ml. of the same medium with about los particles of phage B. Lysis of bacteria was followed by lysogenization. Lysogenic bacteria of strain c 4 (B) were then isolated and were found to produce toxin (intracutaneous test). A sample (0.5 ml.) of l/lOO dilution of a 24 hr culture of strain c 4 (B) in PD medium was then plated on antitoxin agar plates containing acriflavine 0-2 pg./ml. Four to five colonies per plate appeared after incubation at 37" for nearly 36 hr. These colonies were subcultured and tested for toxin and phage production. Haloes round the colonies appeared when the plates were refrigerated for 48 hr, indicating that they were toxinogenic. U.v.-irradiation and the test for immunity to superinfection by the overlayer technique showed that these organisms were non-lysogenic. These cultures were termed c4~+. An 18 hr culture of C~T + bacteria in PD medium was then exposed to infection with the nontoxinogenic phage y, the proportion of phage particles to bacteria being 2:1. A culture which was lysogenic to phage y was then isolated and u.v.-irradiated, and the induced phage particles (yr+) were used to infect the indicator strain c4. Strain c4 made lysogenic to phage yr+ when plated on antitoxin agar plates did not give prominent haloes. Nevertheless, when subcultures of ten of these colonies were tested by the intracutaneous test, two of them were toxinogenic. This indicated that phage y was capable of transducing the T+ factor, though not as efficiently as the other well-known toxin-inducing phages P and B.
DISCUSSION
The results of this work are summarized in Table 1 . The data presented clarify some of the apparently contradictory observations made by earlier workers. The bacteriophage of the diphtheria bacillus certainly plays a vital role in the conversion of non-toxinogenic strains to toxinogenic strains as Freeman (1951) observed. However, it now appears that the toxin-inducing ability of the phage is not its inherent property, but that it acts as a transducing agent and the factor for toxin production can be removed from the phage by acriflavine treatment in vitro. So strong has been the conviction that the phage is indispensable to toxin production that Barksdale, Garmise & Rivera (1961) postulated that diphtheria toxin production is a post-lysis event, lysis being brought about by phage maturation. However, Pappenheimer, Miller & Yoneda (1962) proved this hypothesis to be wrong. Our results show that the hqh toxin-yielding pw 8 strain of Corywbacterium diphtkiae is non-lysogenic but contains the T+ factor. Lysogenization of this strain considerably decreased toxin production. Since this conclusion is based on the fact that strain pw 8 T+ cultures succumb to infection with phage P it may be argued that this strain may harbour some other phage if not phage P. However, the well-known methods of phage induction have not shown the presence of a phage of this strain and, after treatment with acriflavine 5 pg./d. non-toxinogenic strah P W~T -cultures were obtained which reverted to toxin production only when phage P infected them. This indicates a certain compatibility between the phage P and strain P W~. Other phages of C. diphtheriae such as B and y did not infect strain P W~ and it is not lysogenized by them.
Transduction in C. diphtheriae 427
It may be asked how Barksdale et al. (1960) could isolate the lysogenic strain PW 8 ( P) from the sM-1 culture if the latter were non-lysogenic. We recently observed that a culture of strain P W~ (Weissensee-G) which showed a sudden decrease in the yield of toxin was in reality contaminated with a phage. It is quite likely, therefore, that the two types of micro-organisms observed by Barksdale et al. (1960) were the non-lysogenic PW 8 bacteria and their lysogenic derivative PW 8 ( P).
Support for our assumption that the phage acts as a carrier of T+ factor can be had from the results of an experiment reported by Groman & Eaton (1955) . They infected the non-toxinogenic c 4 ( y ) strain of Coryrtebacterizcm diphtheriae with the toxin-inducing phage /3 and isolated five different cultures: c4(y), 64(/?), c4(y'), c 4 ( r), c 4 ( y ) (8). In the doubly lysogenic c 4 ( y ) (/3) culture toxinogenicity was dominant; c 4 (y') was toxinogenic ; c 4 ( F ) was non-toxinogenic. Groman & Eaton (1955) interpreted these results in terms of possible phage recombinations, It seems likely, however, that the y' phage was actually phage y carrying the T+ factor and hence capable of inducing toxin production. Similarly, phage /3' might have become non-toxinogenic by having lost T+ factor.
It is generally believed that the disinfective action of acriflavine and other acridines is by dilution of an episome from a growing culture (Sneath, 1962) . This perhaps explains in a general way the conversion of toxinogenic strains of Corymbacterium diphheriue into non-toxinogenic strains on treatment with acriflavine 5pg.lml. Recent investigations on the interactions of acridines with DNA, by means of X-ray diffraction analysis and other physical methods, have supported a hypothesis of Brenner, Barnett, Crick & Orgel (1961) that acridine mutations are caused by the deletion or addition of a base pair. To account for the elimination of T+ factor from toxinogenic diphtheria phages after treatment with small amounts of acdavine in vitro, we have to assume that, when acriflavine attaches itself either to phage DNA or to phage DNA and the T+ factor in it, its action is lethal. This is evident from the large decrease in the number of phage particles after treatment with acriflavine 0.5 ,ug./ml. in vitro. When, however, an acriflavine molecule attaches itself only to T+ factor and not to phage DNA, the phage can replicate in a susceptible host but the T+ factor cannot and is lost. The specific action of acriflavine on the lysogenic cultures in rendering them non-lysogenic and at the same time increasing the yield of toxin has support from the work of Barksdale et al. (1960) . They reported that proffavine, which prevented phage maturation, led to increase in toxin yield. In the light of our results it can be explained by the ability of small concentrations of acriflavine to disinfect prophage but not T+ factor from a lysogenic and toxinogenic strain of C. diphtheriae.
Wohlhieter et al. (19641) showed that synthesis of /3-galactosidase in a lac+ strain of Protew mirdilis was directed by a cytoplasmic episomal factor termed P. lac. Our conclusions, therefore, lead us to believe that synthesis of diphtheria toxin protein is similarly controlled by the T+ factor. Although the experiments reported here point towards a cytoplasmic existence for this factor, it is likely that this factor is an episome and may be capable of alternating between autonomous cytoplasmic and an integrated chromosomal state, like other episomes such as the F factor and the colicinogenic factors of Escherichia coli. At present we know very little about the genetics of Corynebacterium diphtheriae and therefore it is worth while investigating this problem further. Fig. 2 . Amiflavine treatment to convert a toxinogenic strain to non-toxinogenic strain. Acriflavine 5pg./ml. was added to Holt's medium which was then inoculated with a 24 hr culture of the toxinogenic strain PWST+ of Corynebacterium diphtheriae. After 18 hr the culture was plated on antitoxin agar, incubated for 48 hr and refrigerated for 48 hr. Absence of rings or haloes round colonies indicated conversion to non-toxinogenic strain. Fig. 3 . Plaques produced by phage P on C. d i p h t M a e strain P W~T + . Test done by Adams's overlayer technique.
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